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Advances in electron cryo-microscopic imaging and three-dimensional helical reconstruction have allowed
for the rapid structure determination of the bacterial flagellar hook by Fujii et al. (2009). The resulting model
helps explain the unusual mechanical properties of the hook.Electron cryo-microscopy (cryo-EM) con-
tinues to develop as a highly powerful
technique that is ideally suited to studying
the structure of large macromolecular
complexes. A growing number of struc-
tures have now been solved using this
technique at better than 4 A˚ resolution,
allowing for the ab initio tracing of the
polypeptide backbone (Zhou, 2008).
But these very high resolution cryo-EM
structures have required highly ordered
icosahedral viruses, two-dimensional
crystals, or helical tubes. One of the great
strengths of cryo-EM, however, continues
to be the ability to look at native
complexes in a regime of intermediate
resolution (between 4 A˚ and 10 A˚) where
high-resolution structures of components
solved by X-ray crystallography or NMR
spectroscopy can be docked to generate
pseudo-atomic models of the biologically
important assemblies. The paper by
Fujii et al. (2009) on the bacterial flagellar
hook is an example of this approach,
highlighting the recent progress that has
been made in a number of aspects of
cryo-EM as well as providing remarkable
new insights into how relatively conserved
structures can be rearranged to generate
new functions.
Advances in cryo-EM over the past
25 years have included the use of field
emission electron sources, and many
incremental improvements to both spec-
imen preparation and microscope perfor-
mance. However, during the same period,
computational power has grown at an
exponential rate, following Moore’s Law,
and this has provided the EM community
with abilities in computational image anal-
ysis that simply did not exist a generation
ago. Fujii et al. (2009) show how the
flagellar hook was reconstructed at 7 A˚
resolution, which is sufficient to unambig-
uously fit an atomic model, using a high-throughput approach. They took advan-
tage of optimization of both specimen
preparation (using thin ice that is not
substantially thicker than the specimen
being imaged) and imaging conditions
(maintaining the specimen in the EM at
40–50 K, and using an energy filter to
remove inelastically scattered electrons)
to improve overall contrast in the images
by a factor of 5. These images were
then processed using the iterative heli-
cal real space reconstruction (IHRSR)
method (Egelman, 2000), an algorithm
for the three-dimensional reconstruction
of helical polymers that offers many
advantages (Egelman, 2007) over the
Fourier-Bessel approach that was em-
ployed for the first three-dimensional
reconstruction obtained by electron
microscopy (DeRosier and Klug, 1968).
The IHRSR method could simply not
have existed 40 years ago, as it is only
possible due to the great improvements
in computational power that are now
available to every laboratory. One of the
advantages of the IHRSR approach is
that images of many short segments can
be used to generate a three-dimensional
reconstruction when none of these seg-
ments generate the visible helical diffrac-
tion patterns needed for the classical
approach.
Fujii et al. (2009) demonstrate that, with
the improvements in imaging and image
processing, they were able to go from
a sample to a pseudo-atomic model of
the hook in only five days. The hook that
they studied is an extracellular compo-
nent of the flagellar system, and is a highly
flexible ‘‘universal joint’’ that transmits the
torque from the flagellar motor to the long
flagellar filaments when these filaments
may be at many different angles with
respect to the cell surface. While the
flagellar system is involved in bacterialStructure 17, November 11, 2009motility, it is also involved in secretion,
not only of its own extracellular polymers,
such as the hook and the flagellar system,
but of other proteins as well. The flagellar
system is related to the type III secretion
system (Desvaux et al., 2006), and both
share common evolutionary origins. An
interesting question is how proteins
that share homology, detectable at either
the level of sequence or structure, evolve
to have new functions. Changes in quater-
nary structure may be an important
element in such evolutionary divergence
(Galkin et al., 2008). While both the
flagellin, the protein that forms the
bacterial flagellar filament, and the hook
protein contain intramolecular coiled-
coils formed by a helices at the N and
C termini of the proteins, Fujii et al.
(2009) show how the packing of these
coiled-coils is substantially different
between the hook and flagellar filament.
This different packing provides very
different mechanical and functional pro-
perties for the hook compared to the
flagellar filament. In the flagellar fila-
ment, coiled-coils form 11 protofilaments
around the hollow lumen (Yonekura et al.,
2003), and small length changes in indi-
vidual protofilaments provide the basis
for the polymorphic supercoiling that turns
an otherwise straight flagellar filament
into a helical propeller. The hook, in con-
trast, has coiled-coils surrounding the
lumen that are tilted (Figure 1), allowing
them to slide past each other as the
hook compresses on the inside of a curve
and extends on the outside of the curve.
If we had a microscope that could look
at atomic resolution in real time within
living cells, our understanding of biology
would be vastly different from what
currently exists. Unfortunately, no such
instrument is on the horizon. We are
forced to use many different techniques,ª2009 Elsevier Ltd All rights reserved 1425
Structure
Previewseach with its own limitations, and com-
bine results to generate models for
biological structure and function. As the
paper by Fujii et al. (2009) shows, the
improved methods in cryo-EM now allow
for rapid determination of the structure
of many helical assemblies at a resolution
where secondary structural elements
can be seen. The information learned
from such studies will be an essential
element in understanding howmacromol-
ecules can assemble to form rather
complex structures, such as the bacterial
flagellum. These studies provide an
elegant demonstration of the underlying
simplicity in many such assemblies, in
contrast to the ‘‘irreducible complexity’’
arguments of the neocreationists who
have made the bacterial flagellum their
icon (Miller, 2009).
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Figure 1. Fifteen Subunits (PDB ID 3A69) from aModel of the Bacterial Hook Are Shown, with
One Subunit in Red
The coiled-coils that form the hollow lumen of the structure in the center of the figure are tilted, allowing
them to slide past each other. Coordinates courtesy of Keiichi Namba.1426 Structure 17, November 11, 2009 ª2009 Elsevier Ltd All rights reserved
